The rehydration of salmon sperm deoxyribonucleic acid (DNA) and cetyltrimethylammonium chloride (C19H42ClN) complexes was observed using hydration kinetics, sorption isotherm, and high power proton relaxometry (at 30 MHz). The hydration kinetics shows (i) a very tightly bound water not removed by incubation over silica gel (A 
Introduction
While biomaterials often have useful properties, they cannot be easily reproduced. Moreover, biomaterials are a renewable resource, often obtained from post--production wastes. Their nature provides inherent biodegradability. Among all available natural polymers, the DNA is known to have many unusual properties due to its unique double-helix structure [1] . This structure, owing to fundamental biological role [2] , has already been thoroughly studied.
A single DNA strand can be viewed as a polymer built of elementary bricks referred to as nucleotides. A nucleotide contains one of four bases (adenine (A), guanine (G), cytosine (C), thymine (T)), the deoxyribose sugar and the phosphate. All of the bases of a nucleotide can participate in hydrogen bonding. The double helix structure adopted by DNA is composed of two inter--twinned strands. The specific distribution of hydrogen accepting and donating sites favours efficient hydrogen bonds only between adenine and cytosine or between guanine and thymine. As a result, the nucleotides pair with each other in a complementary fashion. In double--stranded DNA, the distance between the two sugarphosphate backbones is the same for each base pair. Consequently, all DNA molecules have the same regular structure in spite of the fact that their nucleotide sequences may be quite different [3] . * corresponding author; e-mail: hubert.haranczyk@uj.edu.pl
The DNA double helix may be imagined as a tunnel of π-π * stacking nucleic base pairs system available for charge migration. The relatively weak π-π * electron conjugation renders material with a large optical transparency window (cut off at around 300 nm due to absorption of bases). It is still discussed whether, regarding the electrical charge transport, DNA belongs to the class of insulators [4] , semiconductors [5] , conductors [6] or even superconductors [7] .
The extracted DNA is soluble exclusively in water. However, due to water high surface tension and low evaporation rate in normal conditions, film processing through standard spin-coating technique does not lead to acceptable results. Moreover, the pristine DNA is very sensitive to hydration [8] which may substantially influence the final device performance [9] .
A breakthrough in DNA-based technology was made by demonstrating a series of DNA-cationic surfactant complexes [4] . DNA, which is an anionic polyelectrolyte, can be quantitatively precipitated with cationic surfactant in water by an ion exchange reaction. A smart choice of cationic surfactants pursues to DNA complex insoluble in water and more mechanically and thermally stable than crude DNA. Such complexes were found to be soluble in a range of common alcohols instead of water. Circular dichroism analysis indicated that the right-handed double helix structure of DNA was retained in the bulk.
The best quality films were fabricated from DNA complex with cetyltrimethylammonium (CTMA) (Fig. 1) . DNA-CTMA has large band gap of 4.7 eV required for an efficient electron blocking layer (EBL) and thus can (485) play a crucial role in improving light emission in OLEDs. Thin films of DNA-CTMA exhibits optical losses as low as 0.2 dB cm −1 at 1.550 nm. Relatively large dielectric constant of 7.8 for DNA-CTMA combined with very smooth surface of thin films make it promising material for applications in the FET transistor stuctures.
There were already reported working applications like devices based on second and third order nonlinear optical effects [10] , low loss optical waveguides [11] , holography [12] , organic photovoltaics [13] and organic field effect transistors [14] . DNA may also serve a matrix for other compounds. There have been investigations on lumophore-doped DNA and laser emission from solid state thin films of DNA [15] .
Because of these facts, DNA-CTMA is nowadays extensively studied flagship of DNA derived materials applied in photonics and molecular electronics. Nevertheless, some aspects of DNA-CTMA, like kinetics of hydration, are still poorly understood. The effect of mild hydration from gaseous phase is very important as it models the influence of various environmental conditions expired by DNA-CTMA films.
Thus, we studied a number and distribution of water binding sites, sequence and kinetics of their saturation, and the formation of very tightly, tightly, and loosely bound water fractions at rehydration process of DNA-CTMA complexes, trying to understand the molecular mechanism of structural changes during rehydration from the anhydrous state. We monitored the effect of the sample swelling occurring for hydration from p/p 0 = 100%.
Materials and methods
DNA sodium salt, extracted from salmon milt and roe, was purchased from CIST (Chitose Institute of Science and Technology, Japan). It was isolated from frozen salmon milt and roe sacs. The claimed molecular weight was M W = 10 6 daltons (Da) or 1500 base pairs and purity better than 96%.
A solution of 33.3 ml of deionized water and 200 mg of DNA sodium salt was put in a baker, and stirred mechanically for three hours with a magnet bar at room temperature, which produced clear and homogeneous and viscous solution. Next, the beaker was placed in ultrasounds cleaner for 100 min at a stabilized temperature to reduce molecular weight of DNA and hence the viscosity. The temperature was close to the ambient to avoid DNA degradation. After such procedure, the solution viscosity decreased. Next, cationic surfactants CTMA were dissolved in deionised water (200 mg in 150 ml). Surfactants solutions were added dropwise to the solution of DNA and constantly stirred for 20 h. The resulted product was filtered off, washed out with deionised water and dried.
Before the hydration courses the air dry samples (∆m/m 0 = 0.114 ± 0.011) were incubated for 240 h over silica gel (at relative humidity, p/p 0 = 0%), dehydrating to the hydration level ∆m/m 0 = 0.0823 ± 0.0017. The dehydration kinetics was well fitted with the single exponential function with the dehydration time constant t
The hydration time-courses were performed from the gaseous phase with the controlled humidity, at room temperature (t = 22
, and over a water surface (p/p 0 = 100%).
After completing the hydration courses, the dry mass of the samples was determined after heating at 70
• C. After heating for 30 , the sample was weighted, then heating was continued. No further decrease in sample mass was recorded for 5 days of drying. The thermal decomposition of DNA-CTMA systems starts at 110
• C, as measured using DSC, although the thermal decomposition of native DNA starts at 200
Proton free induction decays (FIDs) were recorded on WNS HB-65 high power relaxometer (Waterloo NMR Spectrometers, St. Agatha, Ontario, Canada). The resonance frequency was 30 MHz (at B 0 = 0.7 T); the transmitter power was 400 W; the pulse length π/2 = 1.5 µs. Data were acquired using Compuscope 2000 card in an IBM clone computer, controlling the spectrometer, and averaged over 2000 accumulations. Repetition time was 2 s. The measurements were performed at room temperature (t = 22
• C). The data were analyzed using the one-dimensional, FID analyzing procedure of the two-dimensional (in time domain) NMR signal-analyzing program CracSpin written at the Jagiellonian University, Cracow [17] . The swelling was fitted using program Origin, and the threshold function for the triggering of the swelling process was modeled by the function 
Results

Hydration kinetics
The hydration courses for lyophilized DNA-CTMA complexes performed from the gaseous phase (see Fig. 2 ) are fitted well by single exponential function for p/p 0 ≤ 32%:
where ∆m/m 0 is the relative mass increase, A h 0 is the saturation level for very tightly bound water fraction (i) not removed by incubation over silica gel (p/p 0 = 0%), A h 1 is the saturation level for the tightly bound water fraction (ii) 
where A h 2 is the saturation level for the loosely bound water fraction (iii), and t h 2 = (19.1 ± 3.2) h is the corresponding hydration time constant. The constant A h 2 increases gradually with the relative humidity of the atmosphere. The third exponential in hydration kinetics curve was not observed, as it was in salmon sperm DNA not treated by the use of surfactant [8] . 
Swelling
The DNA-CTMA lyophilizate rehydrated from p/p 0 = 100% revealed the delayed hydration process starting at t 0 = (152.6 ± 2.5) h. Two-step function model, which describes the swelling process, was fitted to the data
where A h 3 = 0.140 ± 0.016 was the swelling amplitude, and t h 3 = (12.5 ± 5.4) h was the swelling time. The amplitude of the swelling was much smaller than for salmon sperm DNA and started after significantly shorter delay [8] . This may suggest differences in outer surface of the DNA-CTMA lyophilizate grains (Fig. 3) . 
Sorption isotherm
For DNA-CTMA complexes the total saturation hydration level, C h , was calculated as
where n equals 1 or 2 depending on hydration level (see Eq. (1a), (1b)), and subsequently was taken for the construction of sorption isotherm. The sorption isotherm is approximately sigmoidal (Fig. 4) , which is well fitted by the theoretical sorption models dealing with the two types of water binding sites, (i) "primary" water binding sites (directly to the adsorbent surface); and (ii) "secondary" water binding sites (to the bound water molecules). Either in the BrunauerEmmett-Teller (BET) [18] model or the Dent [19] model the sorption isotherm is expressed by
where h is relative humidity, p/p 0 is expressed in absolute units, and ∆M/m 0 is the mass of water saturating primary binding sites. If S i is the number of binding sites covered by i water molecules, and the contribution of empty primary binding sites is S 0 , the parameter 1/b 1 is defined as S 0 /S 1 | h=1 = 1/b 1 . Both considered models of sorption isotherm differ in population of subsequent layers of secondary bound water, S n /S n−1 | h=1 . BET model takes b = S n /S n−1 | h=1 = 1, whereas in the Dent model this number may be varied between 0 and 1. To test the relevance of the model used, the sorption isotherm is usually presented in parabolic form (see Fig. 5 ), which for BET model is expressed as
whereas for the Dent model as
where parameters
(6a,b,c) For DNA-CTMA complexes the sorption isotherm is much better described by the Dent model (b = 0.814 ± 0.040) than by BET model. This value resembles the obtained for lyophilized native (b = 0.896) [20] or modified photosynthetic membranes (b = 0.863) [21] .
The mass of water saturating primary water binding sites was ∆M/m 0 = 0.102 ± 0.021, which is the value close to that obtained from hydration kinetics for very tightly bound water pool.
For the DNA-CTMA complex, the empty binding sites proportion at h = 1 equals 1/b 1 = 6.85%, which is in the range for those measured for native and for modified photosynthetic membranes [20, 21] , and significantly exceeds the value for solid tissues of living organisms at dehydration, e.g. for Usnea antarctica, 1/b 1 = 0.008% [22] , for Umbilicaria aprina 1/b 1 = 0.02 [23] , whereas for Himantormia lugubris 1/b 1 = 1.11%, and for Caloplaca regalis 1/b 1 = 1.93% [24] .
Proton free induction decays
The FIDs for protons of the DNA-CTMA complexes, at low hydration levels (∆m/m 0 ≤ 0.1), are well fitted by the superposition of one Gaussian component, with the amplitude S, coming from immobilized protons, and one exponential component, L 1 , coming from water tightly bound on the surfaces of the structure (Eq. (7a)):
where T * 2S ≈ 30 µs is the proton spin-spin relaxation time of solid component taken as the 1/e-value of Gaussian solid signal, and T * 2L 1
is the relaxation times of proton liquid fraction L 1 . For higher hydration levels a solid Gaussian signal is no longer observed and for ∆m/m 0 ≥ 0.2 a signal from the loosely or free water fraction appears (Eq. (7b))
where for higher hydration levels loosely bound water component, L 2 , and T * 2L2 are the amplitude, and relaxation time of loosely bound water fraction, respectively. A typical FIDs are shown in Fig. 6 .
The hydration dependence of the proton relaxation times for fitted components of the FID signal of DNA-CTMA complexes is presented in Fig. 7 .
For the proton fraction L 1 the value of the decay time does not depend much on the hydration level and equals T * 2L1 ≈ 100 µs. Proton FID time for the L 1 fraction resembles that for the immobilized (tightly bound) water signal of photosynthetic membranes [20, 21] , bark and bast [25] , wheat seed [26] , lichen thallus [22, 23, 27] , dentine and dental enamel [28] , and of the controlled pore glasses [29] .
For the hydration levels ∆m/m 0 ≥ 0.2 the long, L 2 , signal component appears. The relaxation time
, increases in the intensity with the increasing hydration level (Fig. 8) , suggesting that this component comes from water loosely bound or free water in the system. It is an average of some proton subsystems being in fast exchange regime [30] . The spin-spin relaxation times T * 2L 2 measured in FID experiment are shortened by B 0 inhomogeneities [31] :
where T 2 is spin-spin relaxation time, γ is gyromagnetic ratio, and ∆B 0 is a change of magnetic field B 0 within the sample; and this is a reason why T * 2L 2 does not increase for higher hydration levels. Although the solid and short exponential components in the FID experiment are not changed by ∆B 0 as compared to those measured by the Carr-Purcell-Meiboom-Gill (CPMG) echo train, the measured T * 2L 2 are significantly shortened. The L 2 signal, expressed in units of total liquid signal, L 2 /(L 1 + L 2 ), almost linearly increases with the increased hydration level and is well fitted by the dependence (Eq. (8) 
The estimated (Eq. (8)) value of hydration level at which the loosely bound water fraction appears is equal to ∆m/m 0 = 0.0693±0.0077. This value is slightly lower than that (∆M/m 0 = 0.102 ± 0.021) obtained as water portion saturating primary water binding sites.
Discussion
The lengths of fully extended CTMA molecule may be estimated as l = 2.5 nm [32] . However, for the temperatures above main transition [33, 34] as the effective lengths of hydrocarbon chain there should be taken 0.75l [35] . This makes 3.75 nm as an effective diameter of the micelle formed by CTMA in presence of water. This value fits well to the DNA molecule lengths, enabling it to form DNA-CTMA micelle even when a real complex is not built. This might explain very effective dissolution of DNA lyophilizate in presence of CTMA. As solid component of proton FID signal vanished at relatively low hydration level, the detailed analysis of all liquid signal components was more difficult, and it was probably a reason why the estimation of water amount saturating primary water binding sites differs from the saturation value of the immobilized water component, L 1 , from the FID signal.
